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ABSTRACT 
This work shows a study of the periodic ferroelectric domains formed in LiNbO3
crystals doped with rare earths by means of scanning near field optical microscopy 
(SNOM) technique. It has been observed periodic structures associated with 
ferroelectric domains with an unexpected high value of the optical contrast working 
under reflectance SNOM mode. From Raman-Nath diffraction patterns, a refractive 
index modulation of ∆n ~10-4 has been calculated. These results were correlated with 
the ferroelectric periodic domains obtained by the SNOM technique. A light waveguide 
effects along the ferroelectric domains is suggested to explain the high reflectance 
contrast observed in SNOM experiments. 
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2INTRODUCTION  
LiNbO3 is a ferroelectric crystal widely used in photonic devices due to its high 
non-linear coefficients. In the last years it has been demonstrated the viability of 
creating periodic ferroelectric domains in LiNbO3 (PPLN) using different procedures 
(chemical, thermal and/or electrical fields) [1]. 
The feasibility of forming these periodic ferroelectric domain structures has 
extended the range of application of lithium niobate crystals in the photonic field. In 
particular, good results have been obtained in guide configurations, where the necessary 
domain inversion depth is only of few microns, thus making it possible the development 
of high efficient frequency conversion devices [2-7]. 
When ferroelectric domains are formed during the crystal growth process the 
final PPLN structures are strongly dependent of the dopant concentration [8]. Although 
the formation of these ferroelectric domains has been recognized for years, little is 
known about the mechanism involved in their formation. 
From the discovery of the ferroelectricity several techniques have been utilized 
for the observation and study of the ferroelectric domains [9]. Among them, the optical 
methods have been extensively used. They have the advantage of being non destructive, 
though they present a limited resolution imposed by diffraction effects. This 
inconvenient is actually overcome working in near field approximation. In particular, 
the technique called "Near-Field Scanning Optical Microscopy" (SNOM) allows to 
reach resolutions lower than the wavelength used for the observation [10]. 
 In this work a study of ferroelectric periodic domains in doped LiNbO3 by 
means of the SNOM technique is presented.  
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3EXPERIMENTAL 
LiNbO3 crystals doped with Er3+ and Yb3+ ions were grown by the “on centred” 
Chzochraski method along the x-axis in air atmosphere with automatic control of 
diameter. The rare earths concentrations in the melt were Er3+ (0.5 mol%) and Yb3+ (0.5 
mol%). 
 Samples of dimensions 1x1x0.1 cm3 were used in the SNOM experiments. By 
means of "etching" treatments and using atomic force microscopy (AFM) the existence 
of ferroelectric domains was verified. Prior to optical experiments, the samples were 
polished up to optical quality. 
 SNOM images have been obtained with a Nanonics Imaging Ltd model 
MultiView 2000 TM working in non-contact tapping mode. A continuous wave laser 
beam from a 532 nm doubled Nd:YAG laser was coupled into the SNOM probe. Data 
were collected by working in the reflection mode. Under this configuration (Fig. 1) the 
sample surface was illuminated through the fibre probe with a 100 nm tip size and the 
backscattered light from the sample surface was collected through a 10X long work 
distance objective, and focused into an avalanche photodiode (APD) for detection. 
 Diffraction patterns were generated by using a He-Ne (633 nm) beam 
perpendicularly to the ferroelectric domains.  
EXPERIMENTAL RESULTS AND DISCUSSION 
 Recently, it has been observed the presence of 180º periodic ferroelectric 
domains in rare-earths doped LiNbO3 crystals grown along the optical axis by the “on 
centred” Czochraski method. It was reported that the concentration of dopants plays a 
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4critical role in the formation of these domains, especially in relation with its periodicity 
[8]. 
Figure 2 (a and b) shows the images at the etching sample. As it is well known 
the chemical etching produces ruts in both faces, which are associated with the presence 
of ferroelectric domain. These ruts are clearly observable as it is displayed in Figure 2 
where it is relevant to comment that the images of the ruts are not symmetrical in a face 
with regard to the opposite one. This indicates that when the ferroelectric domains are 
formed during the crystal growth process, they do not remain parallel to the growth 
direction and they change along the time [8]. 
Figure 3 (a) shows a detail of surface topology of the sample of Figure 2 by 
AFM. The structure of the ferroelectric domains appears now well resolved. Figure 3b 
shows the topographic average profile corresponding to the AFM image. The wedge 
produced by etching in the negative domain is ~150 nm depth, with a width of ~1 μm. 
Additionally the topography reveals that the positive (un-etched zone) and negative 
ferroelectric domains present different size which is in accordance with previous 
observations [8]. Nevertheless, a periodic structure can be described considering a 
constant periodicity of ~ 5 μm. In relation with the ferroelectric domains structure found 
in the crystals used in this work, it is relevant to point out that the above mentioned 
periodic structure is not invariant along the sample. In fact, along the sample it is found 
zones with periodic structures from 5 to 30 μm period.  
To proceed now with SNOM measurements with the same sample used in the 
AFM experiments, the chemical etching was eliminated by polishing the sample up to 
an optical degree. Figure 4a shows a two-dimensional SNOM image working in the 
reflectance mode. In Figure 4b the profile of the back scattered light intensity along the 
line marked in Figure 4a is displayed. The SNOM image presents a clear optical 
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5contrast ∆R/R (∆R and R represent the modulated and total transmission intensity 
respectively) around 20% with a periodicity of approximately 6 μm, calculated from the 
profile presented in Figure 4b. It is important to remark, that the AFM profile, 
simultaneously recorded to the SNOM image, shows a surface roughness of ±5 nm 
without any defined structure. In consequence, the changes observed in the back 
scattered intensity (Figure 4) can not be attributed to topographic effects.  
Assuming normal incident illumination and neglecting scattering effects, the 
relation between the reflectivity optical contrast ∆R/R and the refractive index contrast 
∆n/n is given by the expression [11]:  
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The ∆R/R value calculated from Figure 4b is around 20%, and accepting an average 
value for the LiNbO3 refractive index of n ~2.3, from (1) an index variation of ∆n
~2x10-1 is obtained. This ∆n value, which is high in comparison with data obtained in 
electric field poled domain structures [12], can be alternatively measured by means of 
diffraction experiments. In this sample the far field diffraction pattern was observed, 
and it is presented in Figure 5 (inset). It has been verified that the diffraction pattern 
follows a Raman-Nath (RN) diffraction regime. The observation of this diffraction 
pattern is a clear evidence of the formation, during the crystal growth procedure, of a 
phase diffraction grating due to refractive index modulation created in the sample. The 
origin of a RN diffraction can be due to the geometry of the ferroelectric domains which 
are not perpendicular to the sample as it has been mentioned before. The diffraction 
pattern consists of equally spaced elongated spots with an angular separation of ~ 6º 
which corresponds, for 633 nm wavelength, to a domain period of Λ ~ 6 μm, in good 
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6accordance to the SNOM observation. Figure 5 shows, in semi-logarithm scale, the 
intensity of the diffraction maxima under normal incidence. Using beam propagation 
methods (BPM) and assuming that diffraction patterns obey to the so-called Raman-
Nath diffraction regime, a quantitative value of the refractive index modulation of ∆n ~ 
10-4 was obtained. This value is lower, in approximately a factor two orders of 
magnitude, to the obtained from SNOM experiments in this work, but compares 
favourably with previously reported values obtained in electric field poled domain 
structures [12]. On the other hand, the BPM model predicts a domain depth of several 
microns according to the Raman-Nath approximation. 
 The discrepancies between the ∆n values calculated from the diffraction 
experiments and SNOM measurements could be associated with the experimental 
illumination conditions. In fact, the values obtained from the diffraction patterns due to 
the laser spot area ~1 mm2 represent an average of ∆n, while the SNOM data are 
collected from a small area, and therefore give information about local variations. 
However, in an early work it has been considered that the domain walls in undoped 
electrically poled LiNbO3 crystals, behave as light pipes [13]. Recently, this argument 
has been used to explain the SNOM high optical contrast observed in periodically poled 
BBN crystals working in both transmission and collection modes. The periodic 
ferroelectric domains generate a spatial modulation of the refraction index that 
transforms this material in an array of optical waveguides [14].  
 The high optical contrast found in this work in SNOM experiments operating in 
the reflection mode in PPLN samples can have its principal origin in the waveguide 
effect along the ferroelectric domain. As it has been commented before, this waveguide 
effect was observed working in transmission SNOM mode. However in the present 
work a high optical contrast was recorded using the reflection mode. Assuming this 
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7light waveguide effect in the PPLN crystals used in this work, the light intensity along 
the domain could suffer reflection at the opposite face due to the difference refractive 
index between the crystal (2.3) and the air (1). Then, this effect could also explain the 
observation of high optical contrast working in SNOM reflection mode. Indeed, the 
reflection at the back-end of the sample was taken into account when the refractive 
index values in an optical fibre wanted to be measured. For this purpose the end of the 
fibre was introduced in water in order to minimize the reflected light at the fibre-air 
interface [15]. 
 In summary, we have presented a study of optical contrast in a periodically 
poled doped LiNbO3 crystal grown by the on-centred Czochraski method, where 
diffraction and SNOM experiments have been combined. A refractive index modulation 
∆n of ~10-4 has been calculated from the analysis of Raman-Nath diffraction patterns. 
SNOM image obtained working in reflection mode shows a modulated optical contrast 
of ~ 20% which is correlated with the periodic ferroelectric domains. Assuming normal 
incident illumination, this optical contrast represents a modulation index of ∆n~ 2x10-2. 
The discrepancies between the ∆n values calculated from the diffraction and SNOM 
technique can be understood considering light pipe effects associated with the 
ferroelectric domain walls.  
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9FIGURE CAPTIONS 
Figure 1. Experimental set-up used to perform SNOM measurements working under the 
reflection mode.
Figure 2. Optical microscopy images of Er-Yb doped LiNbO3 sample previously treated 
in a mixture of HF:HNO3 1:2 in volume during 150 minutes at 20º C. 
Figure 3. a) Two-dimensional AFM image of an Er-Yb doped LiNbO3 sample after 
etching. b) Average profile along the x-direction. 
Figure 4. a) Two- dimensional SNOM reflectance image of the Er-Yb doped LiNbO3
sample. b) Profile of the optical contrast along the line marked in Figure 2 a. 
Figure 5. Light diffracted intensity as function of the diffracted angle. Inset shows the 
diffraction pattern. 
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FIGURE 3 
(a)
0 5 10 15 20
0
20
40
60
80
100
120
140 (b)
5 μm
Z 
(nm
)
X (μm)
490 J. Lamela et al. / Physics Procedia 2 (2009) 479–492
13
FIGURE 4 
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FIGURE 5 
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